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Introduction
Renewable energy-powered nanofiltration / reverse osmosis (NF/RO) desalination systems (RE-membrane systems) are considered one of the most promising technology combinations for the sustainable provision of clean drinking water, particularly for small-scale systems in remote areas where an electricity grid does not exist. In particular, photovoltaic (PV) powered membrane filtration systems have considerable potential in areas where a synergistic relationship exists between the amount of solar irradiance received and the availability of brackish groundwater (1) .
The majority of RE-membrane systems tend to use batteries to avoid energy fluctuationswhich cause variations in pressure and flow -and to enable continuous operation. While energy storage enables a RE-membrane system to produce a known amount of water at the desired quality, the use of batteries results in several problems. Firstly, the charge-in/chargeout efficiency of a typical deep-cycle lead acid battery is 75 -80% (2), resulting in a significant loss in system efficiency. Subsequently, a 20 -25% larger PV array is needed, substantially increasing system cost. Secondly, batteries both perform worse and degrade faster at higher temperatures. Specifically, with increasing operating temperature, the following occurs (2): a) the battery capacity decreases; b) the charge efficiency decreases; and, c) the self discharge rate increases. This has resulted in battery banks requiring replacement in as little as two years after installation, thus adding considerably to maintenance costs (3) . Thirdly, even for a long battery-life of five years -representing over 1500 charge-discharge cycles -the battery bank will require replacement since PV systems are typically designed to have a 20-year life. Thus, in remote regions that lack adequate disposal/recycling facilities, improper disposal can create further environmental hazards due to limited recycling (4) and increase the life-cycle cost of the system. For these reasons, it is interesting to investigate the performance of batteryless RE-membrane systems. However, while directly-coupled PV-powered water pumping systems operate very successfully without energy storage (5), relatively little is known about the consequences of variable operation (flow, pressure) on NF and RO membrane systems (1, 6) .
Gocht et al. (7) performed preliminary experiments to determine the technical feasibility of transiently operated RO system. The pressure was increased linearly at a rate of 180 bar.min -1 and also step-wise (from 10 bar to 60 bar), while the flux and salt rejection were measured as a function of time. Although no detailed results were presented, Gocht et al. (7) concluded that nothing was observed that ruled out the transient operation of a RO membrane system. Pestana et al. (8) also agree with this conclusion, stating that RO membranes can function in a variable manner without deteriorating, although additional information is needed for an aging study of the membranes to determine if long-term wear occurs and the reasonable operating window for such fluctuations to be sustainable.
There are some reports in the literature on batteryless desalination systems powered by renewable energy, investigating the permeate quality throughout the day. The group of Infield et al. designed a batteryless RO desalination unit that could be powered by PV or wind energy (3, 6, 9) . The modelled performance for the PV-membrane system indicated a clean water production of 3.9 m 3 .d -1 , with a maximum salinity of about 500 mg.L -1 when operated with feedwater containing 34.3 g.L -1 NaCl (9) . In experiments, the total product water achieved over a two-day test was 2.93 m 3 , significantly less than the value predicted by modelling (9) . While the measured specific energy consumption (SEC) was found match the modelled data well -with a minimum value of 3.5 kWh.m -3 -the values obtained for 4 permeate concentration were much greater then predicted, with an average of 1.1 g.L -1 over a two-day test. The high permeate concentration result was explained by the system being underpowered (using a 1.53 kW PV array instead of the of 2.4 kW design value), due to the test being performed in England during cloudy days; and, the low efficiency of the plunger pump. Further losses in efficiency also occurred due to the presence of two DC-AC inverters in the system.
A PV-powered RO desalination system was developed by Mathew et al. (10) , based on a piston pump similar to that first presented by Keefer et al. (11) . The excess energy contained in the brine stream -which is significant given the ~0.5 bar pressure drop across a RO membrane module -is fed back behind the piston to assist it on the upstroke. This allows a high-pressure to be maintained even during periods of low solar irradiance, simply by a reduction in feedwater flow. However, several problems have been encountered during field trials of this system in Australia, including fouling of the microfiltration (MF) pre-filters and cracking of the plastic pump case (10) . No transient results of this system have been presented to date.
A different approach that relies solely on mechanical power was presented by Pritchard et al. (12) and Robinson (13) . Both papers describe the design and operation of a wind-powered RO brackish-water desalination plant that uses a pressure vessel as a hydraulic accumulator to avoid working with fluctuating conditions in flow and pressure parameters. Thus, the feedwater is stored under pressure and released when a suitable pressure is achieved and so allowing the system to operate in a suitable range of flow and pressure. The system described by Pritchard et al. (12) A further challenge for PV-and wind-membrane systems is preventing fouling of the NF or RO membrane during intermittent operation. Liu et al. state that such fouling is a major problem with an intermittent RO system and special care is required for feedwater pretreatment (15) . Thomson et al. (9) confirm that during periods of inoperation, the feed flow stops but salt continues to penetrate the membrane until a potential equilibrium is met in the system. To address this problem, these authors suggested that an automated valve could be used to reject product water exceeding a threshold concentration, thus improving the overall permeate quality of the system. A small-scale PV-membrane system described in the literature (10) emphasised in particular the importance of minimising biological fouling during periods of inoperation, making feedwater pre-treatment compulsory in such intermittently-operating systems. Such bio-fouling has been observed in a PV-membrane system being operated in central Australia for a period of four weeks when only MF pretreatment was used (10). Liu et al. (15) also commented on the importance of pre-treatment in maximising system efficiency and extending membrane life.
The first paper of this series (1) describes a hybrid PV-membrane system that uses UF technology as pre-treatment without the use of batteries. This previous work aimed to identify optimal operating characteristics of the system when using four different membranes a single groundwater source in central Australia with a stable power source (generator). In the present work, the performance of this PV-membrane system was investigated over a number of solar days, with energy fluctuations resulting in pressure and flow variations.
Materials and Methods
The operation of the PV-membrane system was described previously under controlled pressure and flow conditions (1) . To investigate the effect of energy fluctuations for different membranes, a set point was determined by a back-pressure valve position, which under constant power operation provided a pressure of 7 bar and a feed flow 300 L.h -1 . Those settings were established prior to each solar experiment (before sunrise) and then the system was then left to run with regular monitoring (both automated and manual) in place without any manipulation of the valve until the solar irradiance of the setting sun decreased to a point where the system shut down automatically. Permeate and concentrate were continuously recycled back into the feed tank throughout the experiment, thus maintaining the feed concentration value throughout the day. At the time of the central Australian field trials (October 2005), the sun rose at 6:06 and set again at about 18:30, however at the specific location for this experiment (Pine Hill Station, Northern Territory: latitude 2229'S, longitude 1330'E) solar irradiance was lost at about 18:00 due to nearby hills shading the PV array late in the day. The nearest major town to this location is Alice Springs (180 km to the south), receives a yearly average of 6.2 kWh.m -2 .d -1 (1993 -2000 , measured at the local meteorological station (16) , while in the month of October, average daily solar irradiance (1993 -2000) is 7.1 kWh.m -2 .d -1 (16) , 79 mm of rain fell (well above average) (17), and the average peak daytime temperature is 33C (17).
While several feedwaters were tested during this field trial, results presented in this paper are only from Pine Hill Station (18) as this water was the most challenging for the system in terms of salinity and trace contaminant content. The brackish bore water tested at Pine Hill Station had an average electrical conductivity (EC) of 8.29 mS.cm -1 , corresponding to 5.3 g.L -1 TDS, with a more complete water analysis provided previously (1). New feedwater was added to the feedtank prior to each new experiment, and no adjustment of water quality was undertaken. The system was tested with four different 4 inch membranes (BW30, ESPA4, NF90, TFC-S) and the membrane specific parameters -flux, recovery, retention -and system performance -feed flow, power, SEC -were measured or calculated using the relationships described previously (1), while the transmembrane pressure (TMP) was defined erroneously in the first paper of this series (1) and should appear as:
(1)
Although the membrane manufacturer Dow publishes maximum operating limits (pressure 41 bar and feed flow rate 3.6 m 3 .h -1 ) for their Filmtec series membranes of membranes (including the NF90 and BW30 used here) (19, 20) , it is clear that fluctuations in pressure and flow are undesirable. Dow state that in order to avoid possible membrane damage -such as hydraulic shock -a proper start-up sequence is necessary with (19, 20) : i) pressure being increased gradually over 30 -60 s; and ii) the operating cross-flow velocity should be achieved gradually over 15 -20 s. Thus, the most abrupt pressure variations allowed would be when going from 0 bar to 41.6 bar over a 30 s period (83 bar.min -1 ) and -assuming that the crossflow velocity is linearly related to feed flow -a cross-flow velocity of 24 m 3 .h -1 .min -1 . The maximum feed flow and pressure are similar for the ESPA4 (21), while the TFC-S has a maximum pressure of 24.1 bar (22) , which would result in a significantly lower variation in pressure. It is anticipated that PV-membrane system described here is operating the membranes within these limits, with pressure changes of 10 bar.min -1 being observed during the field trials.
The PV panels were mounted on a single-axis solar tracker array guided by global positioning system (GPS), so that the panels follow the path of the sun (east-west) across the sky. This provides typically 30% more power throughout the year compared to a non-tracking PV array. The altitude angle was set to the latitude angle (23 north) -recommended for optimum yearround performance of a PV system -while the azimuth angle was aligned to true north. A maximum power point tracker (MPPT) ensures that the output of the PV panels (voltage V, current I) is well matched to that being drawn by the pump (the load). In addition to the sensors described previously (1), a temperature-compensated solar irradiance sensor (Mencke & Tegtmeyer model Si-01TC, accuracy 5%) was mounted in the same plane as the PV modules and supplied the datalogger with a signal of 1 V per 1000 W.m -2 of solar irradiance. Unfortunately, dedicated voltage and current sensors (Chenyang models CY-VZ02 and CY-IZ04-E4) stopped working early in the field trip and the power consumption of the pump had to be read manually from the hand-held electronic interface (Mono-Pumps) to the pump. The power consumption of the pump was able to be calculated to an accuracy of better than 5%. Due to periodic problems of the flow sensors used on the system during the field trip, the permeate and concentrate flows were also measured manually using a 2 L measuring cylinder and a stop-watch. All flows were measured two to three times per reading and an average of the readings taken. High-resolution conductivity data was obtained by placing the permeate pipe and the conductivity probe in a small (50 mL) beaker in order to obtain an accurate reading in the shortest possible period of time (estimated to be about 0.5 sec at a feed flow of 400 L.h -1 ).
It should be noted that the results are representative of many tests during a six week period, reflecting a total of 53 experiments on many water sources in six different locations (18) . The borewater at Pine Hill represented the most challenging water to treat due to its high salinity and is the focus of experiments in this paper.
Results and Discussion
The daily average performance results for treating Pine Hill Station groundwater with the four different membranes are summarised in 
be noted an additional consideration -the weather throughout the day -needs to be taken into account when comparing membrane performance. The weather conditions were best for the day the BW30 experiment was performed, with other days exhibiting significantly more heavy cloud and even rain, both of which were an unseasonal occurrence (17).
The RE-membrane system equipped with the BW30 membrane produced a total of 1106 L of drinking water at an average permeate EC of 0.28 mS.cm -1 and an SEC of 2.3 kWh.m -3 . This membrane can produce drinking water of excellent quality (permeate TDS < 500 mg.L -1 ) over a very wide range of operating conditions (1). Such a system would be able to supply a remote community of 50 people with about 20 L of drinking water per day each. Since the quality of water is significantly higher than required and could hence be mixed with UF permeate to increase total volume produced while remaining within the suggested guideline value or, alternatively, a membrane with lower retention could be used. In addition, given the low recovery (about 28% in this trial) an additional amount of about 70% of the feedwater will have been physically disinfected in the UF process and is available at the higher salinity (10.2 mS.cm -1 ) for other uses such as washing/hygiene or stock watering (1), which increases the allowance to a very comfortable level.
As shown in Table 1 , on an overcast day the NF90 membrane produced a higher cumulative permeate volume (1355 L) than the BW30 membrane with a satisfactory average permeate EC (0.52 mS.cm -1 ) and at a significantly lower SEC of 1.5 kWh.m -3 . The ESPA4 membrane had previously produced the best SEC values when operated from a constant power source (1), however on the day of the solar experiment its performance was limited due to poor weather conditions. Although the RE-membrane system equipped with ESPA4 produced a total of 848 L of permeate volume throughout the day, the average permeate EC (0.81 mS.cm -1 ) was fractionally higher than the ADWG limit. This is simply due to the occurrence of heavy cloud and rain throughout the day, indicating the vulnerability or memrane dependence of RE-membrane systems to producing low-quality drinking water during very poor solar conditions. Finally, the TFC membrane was not able to produce adequate water quality (permeate EC 2.12 mS.cm -1 ) for the bore water tested, which confirms previous results (1). To facilitate further comparison, the performance of the RE-membrane system is given in Table 2 with the four different membranes when operating under very similar climatic conditions -bright sunshine near the middle of the day -with data being taken from the datalogger (instantaneous) and -when the flow sensors were not functional -supported by manually-determined values taken over a one minute interval. The increase in permeate flow rate from 122 L.h with TFC-S can be clearly seen, indicating that the RE-membrane system could be expected to produce nearly twice as much permeate when using the ESPA4 membrane.
The remainder of the results in this paper describe the performance of the RE-membrane system equipped with the BW30 membrane and operating under fluctuating energy conditions. The BW30 membrane was chosen because of its ability to desalinate highly brackish feedwater (1). The solar irradiance incident upon the tracked PV modules on 7 October 2005 is plotted in Fig. 1(a) . The sun rises at 6:06 and solar irradiance reaches 1000 W.m -2 by 10:00. Note that while 1000 W.m -2 is the reference value for terrestrial solar systems, higher values are possible during the middle of the day when the air-mass -the pathlength of sunlight through the sky -is the shortest. On this day, there is a noticeable peak in the solar irradiance just after midday. This is attributed to the disappearance of some very thin, high cloud (or dust particles in the air), which then re-appeared again about 1 h later again. Several thicker clouds pass during the afternoon causing large reductions in the solar irradiance for short periods of time (on the order of minutes). Fig. 1(a) shows the difference in solar irradiance collected from the one-axis tracked array (solid grey curve) used by the 8 RE-membrane system compared to a fixed north-facing PV array (dashed grey curve) at 23 tilt angle (altitude). A numerical integration of the tracked solar irradiance curve yields 9.5 kWh.m -2 .d -1 of solar irradiance being collected, 36% greater than from a fixed PV array of the same area (7.0 kWh.m -2 .d -1 ). At about 15:30, the solar irradiance begins to decrease as the pathlength of sunlight through the atmosphere is becoming significantly longer and is fully lost behind the hills at about 18:00 prior to sunset. The average daily solar irradiance levels at this location for the month of October (1990 -1998 satellite data) are 7.1 kWh.m -2 .d -1 (17). The amount of solar power generated -and then immediately consumed by the pumptypically follows the solar irradiance. Fig. 1(a) shows the power consumption of the system, which is seen to fluctuate during the day due to the presence of clouds.
As soon as the PV array is producing sufficient power to start the pump (>50 W) the feedwater is sucked through the submerged UF modules. The negative suction pressure is dependent on the power available for the pump and reaches a peak with full solar irradiance of about -0.6 bar, with slight fluctuations being observed during cloudy periods (not plotted). The varying UF pressure results naturally in a corresponding feed flow and the UF permeate is then pressurised with the pump for the desalination stage, as shown in Fig 1(b) . While sensor problems occurred at the beginning of the day, the flow reaches a stable value of about 400 L.h -1 throughout most of the day (09:00 to 16:00). It is important to note that if power decreases then flow reduces, which reduces the crossflow velocity in the NF/RO module and hence increases the boundary layer thickness, thickness which is the accumulation of retained salts on the membrane surface. As a result the salt concentration at the membrane surface increases (at constant pressure), which results in an increase in salt diffusion across the membrane and hence decreased permeate quality. However, as the TMP also fluctuates with power from 0 to 11.5 bar (see Fig 1(c) ) the permeate flow varies and less permeate is produced at lower pressure given the pressure dependence of flux. This further reduces water transport and hence the dilution of diffusing salts. Flux data is presented in Fig 2(a) and the full irradiance value is about 15 L.m -2 .h -1 which is in good agreement with the value determined at this pressure and flow with constant power (1). The membrane manufacturer presents a higher value for flux 52.7 L.m -2 .h -1 , however this difference is justifiable since the feed water used in testing by the manufacturer is significantly lower concentration (2 g.L -1 NaCl, at 15.5 bar) than the brackish water from the Pine Hill bore. As a result of this flux (and hence permeate flow) variation the volume of poor quality permeate is controlled reducing the overall risk of contamination.
Feed, permeate and concentrate conductivity is shown in Fig 2(b) . While the permeate quality is generally well below the ADWG of 0.78 mS.cm -1 (TDS 500 mg.L -1 ) it is apparent that quality fluctuates with power and on occasion water quality exceeds the guidelines, notably near the beginning of the day. This can be explained with the flushing of stagnated water in the system and is of very brief duration as are spikes due to energy fluctuations. To examine this effect in more detail, a period of 10 min was recorded with high-resolution conductivity data (Fig. 3) to overcome the limitation of averaging by samples. Those results show -for the NF90 membrane due to lack of such data for the BW30 experiment -that despite a drop in power to 50%, the fluctuation in permeate quality is minimal. These results show the reliability of the system with this particular membrane to produce high quality drinking water from brackish Pine Hill bore water for fluctuations of 50 % on the solar irradiance hence during partial cloud coverage.
From those results one can now calculate recovery and retention, as shown in Fig 2(c) . The average recovery was found to be 28% with high fluctuations due to variations of power which are most likely an artefact of the calculations given the highly variable feed and permeate flows on which such calculations are based. Except for very early in the morning,
9 the retention was found to be 95 -100% (average of 96.6 %) based on the manual readings, which average out the performance somewhat.
For the determination of actual system costs power consumption is an important parameter. The SEC values were found to vary from 1.9 to 2.6 kWh.m -3 (refer Fig. 2(d) ) with an average of 2.3 kWh.m -3 . This compares to an SEC of 1.8 kWh.m -3 for the system operating with the BW30 membrane under constant power (resulting in a TMP of 11 bar and a feed flow of 400 L.h -1 ) (1). In an effort to explain the possible increase in SEC throughout the day, the following increase in feed EC was examined in more detail. The feed concentration is 6% higher at the end of the day, rising from 8.1 mS.cm -1 to 8.6 mS.cm -1 . In addition, due to recycling of the permeate and concentrate, the feedwater temperature increased from 24.7C at 6:40 to 32.1C at 16:09 (a rise of 30%) and then decreased back to 31.6C at 17:13. The temperature response of the conductivity meter was checked with 5 g.L -1 NaCl solution and found to display a fractionally lower reading at 32C that at 25C (EC = -0.08 mS.cm -1 ). The amount of water lost in the sampling process is only small. The evaporation rate on was estimated to be 16.4 mm.d -1 based on published Australian values (23) and a pan coefficient table (24) . This corresponds to a maximum of 2 L of water evaporated from the reservoir used. Therefore, none of these mechanisms can explain the 6% increase in feed EC over the day.
While an increased SEC is expected at higher feed concentrations, the observed increase in SEC throughout the day is significantly greater (37%) than the increase in feed EC. A significant increase in feedwater temperature would typically result in an increased flux through the membrane at a rate of 2.7%.C -1 rise in water temperature (25) . However, from Fig. 2 , while there may be a very slight (<10%) increase in flux between 9:00 and 15:00 (where the system is operating in a relatively stable manner) there is not a 20% increase in flux throughout the day as might be expected due to such an increase in feedwater temperature. The higher SEC at the end of the day (after 15:00) would result from the decreased flux due to the accumulation of precipitates on the membranes (membrane scaling/fouling). This was indeed observed more strongly during the solar continuous experiments (results not shown) and is related to the particularly difficult nature of this water. As noted in the first part of this paper (1) , it is difficult to compare these SEC results with other published data due to several reasons. Firstly, the majority of brackish RE-membrane systems have been tested on feedwaters in a lower salinity range of 1.59 -5.00 mS.cm -1 (10, (26) (27) (28) and, secondly, other works have not used real brackish water supplies and have instead used NaCl solutions (3, 6, 9, 13, 15, 29) . A further challenge is to compare the ability of this RE-membrane system to tolerate fluctuations in energy supply to other systems described in the literature, since the majority to date do not discuss temporal system performance (3, 6, (8) (9) (10) (11) . Liu et al. (15) describe the response of a mechanically wind-powered RO system under fluctuating conditions. While the results look promising with valves and a pressure stabilization tank preventing the pressure from dropping below 5.2 bar, system robustness needs to be evaluated in the long term, while the authors noted that future work needs to focus on the use of real brackish water and pre-treatment to prevent membrane fouling.
In summary, the RE-membrane system described here exceeded the design criterion of being able to supply clean drinking water to a remote community with least 50 inhabitants. The hybrid system produced just over 1.1 m 3 of permeate from brackish feedwater (8.29 mS.cm -1 conductivity) with an average conductivity of 0.21 mS.cm -1 , on a mostly-sunny day in October 2005. It is important to note that the results are representative of many tests during a six week period. The system exhibited an average recovery of 28% and an average SEC of 2.3 kWh.m -3 . The batteryless RE-membrane system is able to tolerate large fluctuations in 10 solar irradiance (500 -1200 W.m -2 ) with a minimal effect on permeate quality. While the initial SEC of 1.9 kWh.m -3 agrees well with experiments performed using a generator to obtain constant power, further experiments are necessary to better understand any apparent increases in both SEC and feedwater EC throughout the day. To this end, the RE-membrane system has been fitted with more robust sensors (flow, pressure, temperature, pH, current, voltage, conductivity, solar irradiance) that can be logged at sub-second intervals to more accurately determine the transient nature of RE-membrane system operation. Future work will also aim to determine the system performance under heavy cloud, with solar irradiance levels in the range 0 -500 W.m -2 as well as for operation with other renewable energy sources, continuous feed recharge and long term operation and most importantly the impact of variable power on the retention of various inorganic contaminants such as arsenic, fluoride, nitrate, boron and uranium. 
